Abstract. We show that "spiralized" models of new-inflation can be experimentally identified by their positive spectral running of O(10 −4 − 10 −3 ) in direct contrast with most chaotic-inflation models which have runnings of similar-size but opposite-sign.
Introduction
In modern (or standard) cosmology, the idea of inflation [1] provides the most compelling solution to various problems (e.g., flatness, horizon, and monopole problems) of old (big-bang) cosmology [1, 2] . Also, the classicalized quantum fluctuations of the inflaton are regarded as the most plausible seed for the density perturbations in the present universe [3, 4] . In this regard, the concept of inflation is now a kind of paradigm of modern cosmology. In order to match the observations of our universe, the last primordial inflation should have at least about 50 ∼ 60 e-foldings, depending on the specifics on the thermal history of the Universe after that stage. Also, if its quantum fluctuations are responsible for the density perturbations at the present universe, the inflaton needs to roll down an almost flat potential which should also provide a smooth end of inflation. There are numerous models of inflation, all fullfilling these requirements, but they are either theoretically unappealing or quite degenerate among themselves exhibiting only minor diferences, well beyond the expected experimental resolution in the intermediate and near future. A situation that leaves us with little hope to get a hint on the shape of inflaton potential for quite some time.
Generically, inflation models can be categorized into two groups: small-field and large-field inflation. In the former group, inflation takes place in a sub-Planckian regime of field space. In the latter case, inflaton evolves over Planck scale. In view of effective field theory, which most of inflation models belongs to, small-field inflations are the most sensible. However, typically there are issues about the flatness of the inflaton potential (the so-called η-problem), fine tuning, or flat inconsistency with observations in the most simple models that leaves the category of single small field models quasi empty. In recent years however, there have been interesting ideas on compactifying the trans-Planckian trajectory of the inflaton into a sub-Planckian regime of a two-dimensional field space by winding the trajectory [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] which has put small field inflation back into the inflationary model building game. These potentials are free from the η-problem although some amount of tuning seems still unavoidable. In those scenarios, even though inflaton dynamics takes place in a two-dimensional field space, it is effectively the same as the case of single field inflation in the sense that the trajectory does not have any peculiar change during inflation.
From now on, we call these two-dimensional extensions of single-field inflation as spiralilzed inflation. In terms of the canonically normalized inflaton field, the various type of potentials in spiralized inflation can have peculiar (e.g. fractional) power dependences on the inflaton field.
In the circumstance of having spiralized inflation scenarios, with fields always in the sub Planckian regime, one may wonder whether these models can be degenerate with models among their class or even with models in the large single-field one, rendering the distinction between small and large field, meaningless. Therefore the relevance of spiralized models largely depends on a positive answer to the question of whether discriminating models, in particular, models of new-inflation-type (spiralized models) from ones of chaotic-inflation-type is possible. If so, such a distinction will not only remove a half of the parameter space in inflation-model-building but also shed some ligth on the mechanism of inflation. In fact, in this work, we show that spiralized new-inflation models can be distinguished from various chaotic-inflation models at the level of the running of the spectral index of density perturbations even if there is a degeneracy of the three leading observables of inflation (power spectrum, spectral index, and tensor-to-scalar ratio).
This paper is organized as follows. In Section 2, we provide a general phenomenological description of spiralized inflation. In Section 3, we show the differences of observables among various selected inflation models as a result of our numerical analysis. In Section 4, conclusions will be drawn. Collections of formulas for the inflationary observables in terms of slow-roll parameters of single field inflation, and formulas of slow-roll parameters of selected models are provided in Appendix A and B, respectively.
Spiralized inflation
Spiralized inflation models can be described by the potential,
where V φ is a function of φ only and
where φ and θ are regarded as the radial and angular degrees of freedom of a complex field, and n ∈ N. We assume V M /V φ ≪ 1 at least during inflation, and consider only n = 1, 2 cases for simplicity. The inflaton is expected to trace the minimum of the spiraling valley of the potential V . In this case, ∂V /∂φ = 0 gives
where
Note that for the cosmological scales of interest it is expected to have cos θ φ ≪ sin θ φ ≈ 1. Also, the curvature along φ is dominated by the contribution from V M for φ M (or f 1). That is,
In this case,
The elements of mass matrix are
the mass eigenvalues are founded to be
where f ≫ 1 was used for approximations. Denoting the inflaton mass as m I , we set m 2 I = m 2 . Then,
The canonically normalized inflaton field (I) is given by
Hence, using Eqs. (2.6) and (2.13)-(2.15), one finds
where ∂V /∂φ ≃ 0 was used for Eq. (2.17).
Even though inflation takes place in a two-dimensional field space, spiralized inflation behaves effectively as if it were single-field inflation. Hence, its observables in terms of the slow-roll parameters are given in the same way as in the single-field case (see Appendix A). Slow-roll parameters can be calculated from Eqs. (2.17)-(2.20), and explicit expressions for several selected models which we use for the sake of comparison and have been selected with a broad basis (following Planck) to get a fair analysis, can be found in Appendix B. Before proceeding, a remark is in order. A general feature of spiral inflation is that its n-th derivative of potential with respect to the canonical inflaton field is suppressed by f n relative to the case without spiral motion (i.e. the case of V M = 0). This results in a suppression of slow-roll parameters relative to the case of usual single-field inflation.
It is tempting to rewrite the potential in terms of the canonical inflation field (I) instead of φ and θ. Since the inflaton is expected to trace closely the minimum of the spiraling groove, one may ignore the V M and rewrite V φ in terms of I. In this case, if V φ is a simple monomial as the case of chaotic inflation, Eqs. (2.6) and (2.16) give
allowing fractional power-dependence on I. However, this result can be different from the one in a rigorous calculation, as can be seen in Eq. (2.18) for example. So, we will not try to recast V as a function of I.
Numerical analysis
In this section, a broad choice of models of large-field inflation and spiralized inflation is presented and analyzed numerically to see the possibility of discriminating among different models. For slow-roll parameters, formulas collected in Appendix B were used.
Models
We choose following models for comparison:
• Hilltop inflation (HI) [15] :
• R 2 -inflation (R2I) [16] :
• Natural inflation (NI) [17] :
• Spiral chaotic inflation 1 (SCI1) [7] :
• Spiral chaotic inflation 2 (SCI2) [9] :
• Spiral inflation (SI) [12] :
• Spiral Coleman-Weinberg inflation (SCWI) [13] :
Some of well-known large-field models have been excluded from this selection, since they seem unlikely to be consistent with recent data from Planck satellite mission [18] .
3.2 Distribution of models on (n s , r)-and (α, α ′ )-planes
Many simple models of single-field inflation can be distinguished by its spectral index (n s ) and tensor-toscalar ratio (r). However, there can be degeneracy among some models at the n s and r level. In this case, the next thing we should see is the running of spectral index (α R ), or one may have to go even further (e.g., to the running of the running (dα R /d ln k)). In terms of n s and r, one finds
Note that in Eq. (3.8) the first term of the right-hand side is always negative for r < 0.1 and 0.95 n s 0.98 [18] . Hence, the sign of ξ 2 may be tempting to use as a discriminator between models of inflation at the level of α R although only an analysis about the magnitude of ξ 2 will be able to tell, when it is negative, whether it is a good discriminator. σ 3 in Eq. (3.9) may also play a role similar to ξ 2 in Eq. (3.8) but in combination with ξ 2 . It is thus instructive to categorize the generic behaviors of ξ 2 and σ 3 in several prototype simple potentials. It is straightforward to see that for
• Monomial large-field models: |ξ 2 | O(ǫ 2 ) and |σ 3 | O(ǫ 3 ), leading to α R < 0 and dα R /d ln k > 0.
• Concave chaotic-inflation models: dV /dI > 0 and d 3 V /dI 3 > 0, leading to ξ 2 > 0 and hence α R < 0.
• Concave new-inflation models: dV /dI < 0 and d 3 V /dI 3 > 0, leading to ξ 2 < 0. Hence there is possibility of α R > 0.
Note that only concave new-inflation models display the possibility of having a positive spectral running.
In Table 1 , we show the patterns of ξ 2 and σ 3 for the various models of interest. Now it is easy
Single-field Table 1 . Patterns of ξ 2 and σ 3 for sample models of inflation. The sign in parenthesis is for n = 2 case. In R2I, µ = 3/2M P . In NI, the sign of σ 3 depends on µ, but as µ becomes much larger than M P , cos(φ/µ) becomes negative leading to a negative σ 3 . In SI and SCWI, we took φ 0 = M P and M GUT , respectively. [18] . A colored straight line corresponds to N e = 45 − 60 from right to left end except the cases of "SI" and "SCWI", and parameters were chosen to have n s ≃ 0.967 at N e = 55. Green and orange shade-regions correspond respectively to µ ≤ 250 and µ ≤ 300 from right. Green and orange dotted lines correspond to µ = 4.65 and 7, respectively. Note that "SI" has only n = 1 case, since n = 2 is phenomenologically ruled out. Also, the line of "SCWI(n = 1)" covers only n s ∼ 0.966 − 0.968 with very small r. So, it is covered by the line of "SCWI(n = 2)" and remains hidden below it. Right : Same color scheme and parameter set as the left panel.
to see that Hilltop-and R 2 -inflation are expected to have negative α R . On the other hand, it may be possible for SI and SCWI to have positive α R since their ξ 2 is negative. That is, spiral new-inflations may be distinguished from the others. Since the signs of ξ 2 and σ 3 are only suggestive and the sign of α R depends on the specific form of potential V φ , a numerical analysis is required. As a result of the analysis, we show the positions of models in (n s , r)-and (α R , dα R /d ln k)-planes in Fig. 1 . In the left panel of the figure, one see that most of models we have considered (which are a fair sample of what can be found in the literature) can be distinguished in (n s , r)-plane, but there are still several models which may be difficult to be distinguished by n s and r. On the other hand, in the right panel, we notice that the degeneracy in r is completely broken at α R for those models degenerated in r. The pattern of dα R /d ln k in regard of ξ 2 and σ 3 is not so clear because of the fact that some models display a somewhat large n s and r. For r < 0.1, the pattern is clearer, but models of new-infation and chaotic-inflation are evenly distributed without clear separation. We have not considered some power-low potentials [19] which can be motivated from axion monodromy models [5, 6] , but as commented already, its is straitforward to see that such potentials give α R ∼ −O(10 −3 ) since ǫ = O(10 −3 − 10 −2 ) and ξ 2 ∼ ±O(ǫ 2 )(or 0). Therefore, we see that spiral new-inflation can be clearly distinguished from all the other chaotic models of inflation at the level of α R .
Discussions and conclusions
In this paper, we studied the possibility of discriminating models of inflation by taking a look at the pattern of the spectral running α R of the density perturbations originated from the quantum fluctuations of the inflaton field. As sample models, several large-field inflation models (Hilltop-and R 2 -inflation) including natural inflation and spiral inflation models (spiral new-and chaotic-inflations) were considered. As a result of our numerical analysis, we found that all the chaotic models selected (including natural inflation) have negative definite spectral runnings of O(10 −4 − 10 −3 ), while spiral new-inflations have an opposite sign for α R but a similar size. Actually, the behavior of α R in models of new-inflation-type and ones of chaotic-inflation-type is a generic feature. Hence it will be easy to rule out either new-inflation-type model or chaotic-inflation-type ones in future observational experiments once the experimental uncertainties on α R go below O(10 −3 ).
A Observables in single-field inflation
The slow-roll inflation is the simplest way of generating a nearly scale-invariant power spectrum of density perturbation via a slowly rolling single inflaton field (I). In the slow-roll limit, the equation of motion of inflaton is approximated as
and inflation is characterized by slow-roll parameters defined as
where derivatives denoted by '′'s are with respect to the inflaton field (I). The e-folding number of a slow-roll inflation is given by
where the subscript 'e' stands for the end of inflation. As observables, the density power spectrum and its special index of a slow-roll inflation are given by
For the tensor-mode,
The tensor-to-scalar ratio is given by
For a cosmological scale leaving the horizon at a given epoch,
Hence the running of slow-roll parameters are given by
and
B Analytic expressions of slow-roll parameters in various models
In the following collections of formulas, φ e stands for the field value at the end of inflation.
B.1 Hilltop inflation (HI)
The potential is
where V 0 is the potential energy at φ = 0, µ is a mass parameter, . . . denotes at least term(s) for stabilization, and we consider p = 4 case only. Slow-roll parameters are
For the cosmologically relevant scales, φ ≪ µ and ǫ ≪ η leading to
For p = 4, φ e at ǫ = 1 can be found numerically. The e-folding number for p > 2 is
Slow-roll parameters are
Hence, taking a large µ, one can get a larger ǫ realizing a large tensor-to-scalar ratio. Taking µ = 3/2M P for the original R 2 -inflation, one finds ǫ ≃ From ǫ = 1, φ e is given by
The e-folding number is
B.3 Natural inflation (NI)
(B.16)
From ǫ = 1, φ e is found to satisfy
where µ ≫ M P was assumed. The e-folding number is
B.4 Spiral chaotic inflation 1 (SCI1)
Denoting a slow-roll parameter x and f (φ) associated with a specific value of n as x n and f n (φ) respectively, one finds
From ǫ = 1, φ e is given by
Note that, for V M ≪ V φ during inflation, one finds
and n s is out-of 2-σ CL even for N SCI1 e,n = 45 which may be allowed when there exist extra e-foldings due to, for example, thermal inflation [20, 21] after primordial inflation.
B.5 Spiral chaotic inflation 2 (SCI2)
The potential is These cases are either out-of 2-σ CL or results in a too large tensor-to-scalar ratio.
B.6 Spiral inflation (SI)
The potential is Hence, we find that, for N SI e,2 60, n s 0.93 which is too small to be consistent with observations. Even if it were possible to have n s consistent with observations for a small δ/φ 0 , the value of φ relevant for cosmological scales of interest turns out to be very close to φ e and r 0.13. So, we do not consider this case any longer for simplicity.
